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Abstract
Herein, we present results from observations of the 12CO (J=1–0), 13CO (J=1–0), and 12CO
(J=2–1) emission lines toward the Carina nebula complex (CNC) obtained with the Mopra and
NANTEN2 telescopes. We focused on massive-star-forming regions associated with the CNC
including the three star clusters Tr 14, Tr 15, and Tr 16, and the isolated WR-star HD 92740. We
found that the molecular clouds in the CNC are separated into mainly four clouds at velocities
−27, −20, −14, and −8 km s−1. Their masses are 0.7× 104M⊙, 5.0× 10
4M⊙, 1.6× 10
4M⊙,
and 0.7× 104M⊙, respectively. Most are likely associated with the star clusters, because of
their high 12CO (J=2–1)/12CO (J=1–0) intensity ratios and their correspondence to the Spitzer
8µm distributions. In addition, these clouds show the observational signatures of cloud–cloud
collisions. In particular, there is a V-shaped structure in the position–velocity diagram and a
complementary spatial distribution between the −20 km s−1 cloud and the −14 km s−1 cloud.
Based on these observational signatures, we propose a scenario wherein the formation of
1
massive stars in the clusters was triggered by a collision between the two clouds. By using the
path length of the collision and the assumed velocity separation, we estimate the timescale of
the collision to be ∼1 Myr. This is comparable to the ages of the clusters estimated in previous
studies.
Key words: ISM: clouds — ISM: individual objects (Carina) — radio lines: ISM — k
1 Introduction
1.1 Massive star formation
Massive stars are influential in the galactic environment, because they release heavy elements and
large amounts of energy in the form of ultraviolet radiation, stellar winds, outflows, and supernova
explosions. It is therefore of fundamental importance to understand the formation mechanisms of
massive stars, and considerable efforts have been made to date (e.g., Wolfire & Cassinelli 1987,
Zinnecker & Yorke 2007, Tan et al. 2014). Most remarkably, recent observational studies have in-
creasingly revealed the importance of cloud–cloud collisions (CCCs). The recent successful devel-
opment of observational tools for identifying cloud–cloud collisions, –i.e., the complementary spatial
distributions and bridging features between the colliding clouds–has enabled us to create a firm basis
for studying CCC (e.g., Fukui et al. 2018). When two clouds collide, one burrows into the other
owing to momentum conservation (Haworth et al. 2015). As a simple example, if a collision takes
place head-on between two clouds of different sizes, a cavity will be formed in the larger one through
this process, and the larger cloud will apear as a ring-like structure on the plane of the sky, unless
the observer’s viewing angle is perfectly perpendicular to the collision axis. As the size of the cavity
corresponds to that of the smaller cloud, an observer with a viewing angle parallel to the collision
axis sees a complementary distribution between the smaller cloud and the ring-like structure. The
bridging feature is relatively weak CO emission at intermediate velocities between the two colliding
clouds, which are separated in the position–velocity (p–v) diagram. When one cloud collided with
another, a dense compressed and turbulent layer is formed at the collision interface. If one observes a
snapshot of this collision at a viewing angle parallel to the collision axis, two velocity peaks separated
by intermediate-velocity emission with lower intensity is seen in the p–v diagram. The turbulent gas
that creates the bridging feature can be replenished as long as the collision continues. Many obser-
vational studies have reported detections of such complementary spatial distributions and bridging
features in CCC regions (e.g., Enokiya et al. 2018; Fujita et al. 2017; Fujita et al. 2019a; Fujita et
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al. 2019b; Fukui et al. 2014; Fukui et al. 2016; Fukui et al. 2017a; Furukawa et al. 2009; Fukui et
al. 2019; Hayashi et al. 2018; Kohno et al. 2018; Ohama et al. 2010; Sano et al. 2018; Tokuda et al.
2019; Torii et al. 2015; Torii et al. 2017a; Torii et al. 2017b; Torii et al. 2018a; Torii et al. 2018b; Torii
et al. 2019). The p–v diagram of the colliding clouds exhibits a V-shaped structure that depends upon
the conditions such as the viewing angle and cloud sizes.
1.2 The Carina nebula complex
The Carina nebula complex (CNC) and Gum 31 are located in the Carina spiral arm (e.g., Valle´e
2014), and the CNC is one of the most active massive-star-forming regions in the Milky Way.
Approximately 140 massive OB-stars (Alexander et al. 2016) and more than 1400 young stellar
objects (Povich et al. 2011) have been identified in the CNC. The distance to the Carina nebula
complex, ∼2.3 kpc, has been measured accurately by near-infrared spectroscopy observations (e.g.,
Allen & Hillier 1993; Smith 2006a). The number of O-stars in the CNC is comparable to that in
other active massive-star-forming regions in the Milky Way such as W43 and W51 (e.g., Blum et
al. 1999; Okumura et al. 2000), but the CNC is two or three times nearer than those regions (e.g.,
Zhang et al. 2014; Sato et al. 2010). Therefore, the CNC offers unique observational advantages for
studies of massive-star formation. To date, observations of CO emission covering the entire region
of the CNC have been conducted. The 12CO (J=1–0) map obtained with the Mopra Telescope by
Brooks (2000) achievied a 45 ′′ resolution. Subsequently, maps of 3–4 arcmin resolution have been
obtained for the 12CO (J=1–0), 13CO (J=1–0), and C18O (J=1–0) emission lines using the NANTEN
telescope (Yonekura et al. 2005). Most recently, Rebolledo et al. (2016) reported column densities
for the molecular clouds associated with the CNC and Gum 31 by using the high-resolution 12CO
and 13CO (J=1–0) emission data obtained with Mopra. They found regional variations in the column
densities obtained from the fraction of the mass recovered from the CO emission lines relative to the
total mass traced by the dust emission. However, the velocity structures of the associated clouds have
not previously been analyzed in detail.
Figure 1(a) shows a composite color image of the WISE 22 µm (red) and Spitzer/GLIMPSE
8µm (green) emissions around the CNC and Gum 31. The 22µm emission, which traces mainly hot
dust from HII regions, extends over ∼ 50 pc through the CNC, and the data near the center of the
CNC [(l, b) = (287.◦5, −0.◦6)] are saturated. On the other hand, Gum 31 is relatively a small and
resembles to the Spitzer bubbles (Churchwell et al. 2006; Churchwell et al. 2007), although the radius
is somewhat larger (∼10 pc) than is typical for those bubbles. In this paper, we focus on the area
outlined by the black rectangle in Figure 1(b), which includes the star clusters Trumpler 16 (Tr 16),
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Trumpler 14 (Tr 14), and Trumpler 15 (Tr 15). We will focus on Gum 31 in forthcoming paper (paper
II).
2 Dataset
2.1 Mopra
We used the 12CO and 13CO (J=1–0) archived datasets obtained with the Mopra 22-m telescope
(Burton et al. 2013; Braiding et al. 2015; Rebolledo et al. 2016; Rebolledo et al. 2017). The angular
resolution and velocity resolution are ∼35′′ and ∼0.09 km s−1, respectively. The typical rms noise
levels for the 12CO and 13CO (J=1–0) datasets at a velocity grid of 0.09 km s−1 are ∼4.0K and
∼1.9K per channel on the Tmb scale. Details of the observations, calibration, and data reduction are
summarized in Burton et al. (2013).
2.2 NANTEN2
The 12CO (J=2–1) observations were made using the NANTEN2 4m millimeter/sub-millimeter tele-
scope at Atacama, Chile in 2015 October. The half-power beam width of NANTEN2 at ∼230GHz
corresponds to ∼90′′, and we adopted the on-the-fly (OTF) mapping mode with Nyquist sampling.
The 12CO (J=2–1) emissions were obtained with the 4K cooled Nb SIS DSB mixer receiver, with a
typical system noise temperature including the atmosphere of 300K–440K. A Fourier digital spec-
trometer installed on the backend of the beam transmission system provides data resolved into 16384
channels at 1 GHz bandwidth. We smoothed them to a velocity grid of 0.5 km s−1. We summed up two
orthogonal scan maps (the Galactic longitude-scan and the Galactic latitude-scan maps) with 15′×15′
binning to reduce scanning effects. A typical uncertainty in the intensity is∼20%. We determined the
scaling factor used to convert the intensities to absolute intensities from pixel-by-pixel comparisons
between the 12CO (J=2–1) maps obtained with NANTEN2 (T ∗a ) and with the 1.85m telescope (Tmb)
toward Orion B (Onishi et al. 2013; Nishimura et al. 2015). The typical rms noise level for the 12CO
(J=2–1) data at the velocity grid of 0.5 km s−1 is ∼0.3K per channel on the Tmb scale.
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Fig. 1: (a) Composite color image of the WISE 22µm (red) and Spitzer/GLIMPSE 8µm (green)
emissions around the CNC and Gum 31. (b) Integrated-intensity map of the 12CO (J=1–0) emission
taken from the Mopra archive (Rebolledo et al. 2016; Rebolledo et al. 2017) between the velocities of
-35 and 0 km s−1. The black contours are plotted every 25Kkm s−1 from 25K km s−1 (∼ 10σ). The
black rectangle outlines the area shown in Figure 2.
5
3 Results
3.1 Large-scale gas distributions
Figure 1(b) shows the integrated-intensity distributions of the 12CO (J=1–0) emission obtained with
the Mopra telescope in the velocity range from−35 to 0 km s−1. Figure 2 shows a closeup version that
includes the massive stars listed by Hamann et al. (2006) and Alexander et al. (2016). The detected
clouds can be separated mainly into a northern part and a southern part. Rebolledo et al. (2016)
called these the Northern Cloud and the Southern Cloud, respectively. The Northern Cloud may be
associated with the star clusters Tr 14 and Tr 15. The isolated WR-star HD 92740 is also associated
with the Northern Cloud. On the other hand, the center of Tr 16 is located between the Northern
Cloud and the Southern Cloud.
Tr 14
Tr 15
Tr 16
HD 92740
?: WR-stars
×: O-stars
□: B-stars
Fig. 2: A closeup figure of Figure 1(b). The star symbols represent WR-stars (Hamann et al. 2006).
The crosses and squares represent O-stars and B-stars, respectively (Alexander et al. 2016).
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3.2 Velocity structures and CO ratio
Figure 3 shows the v–b diagrams of the 12CO (J=1–0) emission toward (a) the Southern Cloud and
(b) the Northern Cloud, respectively. The main component of the Southern Cloud has velocities
of −30 to −20 km s−1, and relatively weak emissions were also detected at ∼ −20 km s−1 and ∼
−14 km s−1 at b =∼ −0.◦080 and −0.◦055. In contrast, the velocity structure of the Northern Cloud
consists of several components ranging from ∼−30 km s−1 to∼−5 km s−1, as shown in Figure 3(b).
We identified four clouds separated in velocity and centered at -27, -20, -14, and -8 km s−1 (hereinafter
called the −27 km s−1 cloud, the −20 km s−1 cloud, the −14 km s−1 cloud, and the −8 km s−1 cloud,
respectively). Clear self-absorption features are not found anywhere in the region.
Figures 4 (a1), (b1), (c1), and (d1) show the Spitzer/GLIMPSE 8µm intensity (green color)
and the 12CO (J=1–0) integrated-intensity for the -27, -20, -14, and -8 km s−1 cloud, respectively.
Figures 4 (a2), (b2), (c2), and (d2) show the 12CO (J=1–0) integrated-intensity (contours) and the
integrated-intensity ratios 12CO (J=2–1)/12CO (J=1–0) (hereinafter denoted by R122−1/1−0) for the
−27, −20, −14, and −8 km s−1 clouds, respectively.
In Figure 4 (a1), the −27 km s−1 cloud is clearly interacting with Tr 16 in the southern region
because the cloud edge corresponds to the 8µm emissions. The −27 km s−1 cloud is also interacting
with Tr 14 in the western region where the intensity of the 8µm emission is high and R122−1/1−0is high
in Figure 4 (a2). In Figures 4 (b1) and (b2), the −20 km s−1 cloud may be interacting with Tr 16
and Tr 14 in the southern region of the Northern Cloud. In the northern region, the −20 km s−1
cloud also may be interacting with Tr 16, Tr 14, Tr 15, and HD 92740. In Figures 4 (c1) and (c2),
the −14 km s−1 cloud is distributed mainly in the northern region. The −14 km s−1 cloud may be
interacting with Tr 14, Tr 15, and HD 92740, but it is not clear whether or not it is also interacting
with Tr 16. In Figures 4 (d1) and (d2), the −8 km s−1 cloud is distributed only in the northern region.
The emissions in this velocity range are clearly related to Tr 14, but not to Tr 15, because R122−1/1−0 is
low (∼0.4).
From a local thermodynamic equilibrium analysis of the 12CO (J=1–0) and 13CO (J=1–0)
emission data (Rebolledo et al. 2016; Rebolledo et al. 2017), we estimated the column densities for
the five velocity clouds. For the Northern Cloud, we estimate the maximum column densities (N(H2))
to be 2.6±0.5×1022cm−2, 4.5±0.9×1022cm−2, 2.0±0.4×1022cm−2, and 0.6±0.1×1022cm−2,
respectively. We estimate maximum N(H2) for the Southern Cloud to be 4.1± 0.8× 10
22 cm−2. The
estimated errors are due mainly to the calibration errors of 20% in the CO dataset. In this derivation,
we assumed that the 12CO (J=1–0) emission lines are optically thick, and we derived the excitation
temperatures (Tex) from the
12CO (J=1–0) peak brightness temperatures for each pixel (the derived
7
Tex is typically 10K–40K). We adopted an abundance ratio of [
12CO]/[13CO]= 77 (Wilson & Rood
1994) and a fractional 12CO abundance ofX(12CO) = [12CO]/[H2]=10
−4 (Frerking et al. 1982; Leung
et al. 1984), which yeildX(13CO) = [13CO]/[H2]= 1.3×10
−6. For the Northern Cloud, we estimated
the molecular masses to be 0.7± 0.1× 104M⊙, 5.0± 1.0× 10
4M⊙, 1.6± 0.3× 10
4M⊙, and 0.7±
0.1× 104M⊙, respectively, and we estimate the molecular mass of the Southern Cloud to be 1.1±
0.2× 104M⊙. These parameters are summarized in Table 1.
Fig. 3: (a) Velocity–Galactic latitude (v–b) diagram of the 12CO (J=1–0) emissions from the Southern
Cloud integrated from 287.◦88 to 287.◦58. The black contours are plotted at every 0.56K degree from
0.56K degree (∼ 10σ). (b) Velocity–Galactic latitude (v–b) diagram of the 12CO (J=1–0) emission
from the Northern Cloud integrated from 287.◦55 to 286.◦95. The black contours are plotted every
0.78K degree from 0.78K degree (∼ 10σ).
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Fig. 4: (a1) The green image shows the intensity of the Spitzer/GLIMPSE 8µm emissions. The red
filled contours show the integrated-intensity of the 12CO (J=1–0) emissions from the −27 km s−1
cloud. The contours are plotted at 8, 16, 32, 64, 96, and 128Kkm s−1. The symbols are the same
as Figure 2. (a2) Map of the integrated-intensity ratio 12CO (J=2–1)/12CO (J=1–0) (R122−1/1−0) for
the −27 km s−1 cloud. The black contours are the same as in (a1). The large black square indicates
the area of the 12CO (J=2–1) data. The other figures are the same as in (a1) and (a2), but for the
−20 km s−1 cloud, the −14 km s−1 cloud, and the −8 km s−1 cloud, respectively. (continued)
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Fig. 4: (continued)
Table 1: Molecular clouds in the CNC
Cloud name Velocity range Peak position Nmax(H2) Mass
km−1, km s−1 (l, b) degrees cm−2 M⊙
(1) (2) (3) (4) (5)
The Northern Cloud
the −27 km s−1 cloud −30,−24 (287.34,−0.64) 2.6± 0.5× 1022 0.7± 0.1× 104
the −20 km s−1 cloud −23,−17 (287.15,−0.85) 4.5± 0.9× 1022 5.0± 1.0× 104
the −14 km s−1 cloud −17,−11 (287.51,−0.49) 2.0± 0.4× 1022 1.6± 0.3× 104
the −8 km s−1 cloud −11,−5 (287.32,−0.23) 0.6± 0.1× 1022 0.7± 0.1× 104
The Southern Cloud
−30,−20 (287.67,−0.74) 4.1± 0.8× 1022 1.1± 0.2× 104
(1) Name of the cloud. (2) Velocity range of the cloud. (3) Peak position of the H2 column density. (4) Maximum H2
column density. (5) Mass of the cloud.
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4 Discussion
4.1 The molecular clouds associated with Tr 14, Tr 15, Tr 16, and HD 92740, and cloud–cloud collisions
In previous sections we found that CO emissions are divided into several velocity components. The
area of the present study includes three large clusters and one isolated WR-star; Tr 14, Tr 15, Tr 16,
and HD 92740. In order to investigate the star-formation history in the CNC, we here consider the
molecular clouds associated with each cluster.
4.1.1 Tr 14
Toward Tr 14, many velocity components overlap along the line of sight. Figure 5 shows a velocity-
channel map of the CO integrated-intensity ratio R122−1/1−0 overlaied on the Spitzer 8µm emissions
toward Tr 14. In the velocity range −30.2 to −20.2 km s−1, CO emissions have been detected only
in the region where the intensity of 8µm emissions are high and the R122−1/1−0 is higher (∼ 1.0) at
the edges of the clouds, indicating that these molecular clouds are probably interacting with the HII
region of Tr 14. Such characteristics of molecular clouds are observed in other HII regions as well;
e.g., W 51 (Fujita et al. 2019a), which is one of the most active massive star forming region. In the
velocity range −22.8 to −15.2 km s−1, in contrast, R122−1/1−0 is not high at the edges of the clouds.
In particular, R122−1/1−0 is low (∼ 0.4) in the velocity range −20.2 to −17.8 km s
−1. In the velocity
range above−15.2 km s−1, R122−1/1−0 is again high (∼ 1.0), whereas the CO intensity is relatively low.
These emissions may include outflows from young massive stars in Tr 14, as discussed by Yonekura
et al. (2005). We need more detailed observations to identify them.
We nextinvestigate the detailed velocity structures of the molecular clouds around Tr 14.
Figure 6(a) shows the 12CO (J=1–0) integrated-intensity of the−20 km s−1 cloud and the−14 km s−1
cloud toward Tr 14. Figures 6(b) and (c) show the velocity–Galactic latitude (v–b) diagram of the
12CO (J=1–0) emissions and R122−1/1−0, respectively, toward the center of Tr 14. The integration
range is indicated by the black dashed lines (range A) in Figure 6(a). The ratio R122−1/1−0 is slightly
high (∼ 0.7) in the −20 km s−1 cloud and in the higher velocity range of the −14 km s−1 cloud.
These results suggest that the two molecular clouds are indeed associated with Tr 14. Figure 6(d)
shows the 12CO (J=1–0) integrated-intensity in the velocity ranges of −30 to −27 km s−1 and −25
to −22 km s−1. Figures 6(e) and (f) are the same as Figures 6(b) and (c), but toward the western side
of Tr 14 [range B in Figure 6(d)]. The ratio R122−1/1−0 of the two velocity components is high (∼ 1.0),
suggesting that the two are interacting with the HII region. We found that the two velocity components
exhibit a complementary spatial distribution, which is one of the significant observational signatures
of a CCC (e.g., Fukui et al. 2018). The two can be separated in the v–b diagram, indicating that
they cannot be explained as a velocity gradient in a molecular cloud. In addition, they show reversed
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V-shaped structures in Figures 6(e) and (f). Such V-shaped structures in position–velocity diagrams
have been observed in other objects (e.g., Fujita et al. 2019a) as a significant observational signature
of a CCC. For these reasons, we propose a CCC scenario involving these two clouds as the triggering
mechanism for the formation of the massive stars in the western side of Tr 14.
4.1.2 Tr 15
Figure 7(a) shows the 12CO (J=1–0) integrated-intensity of the−20 km s−1 cloud and the−14 km s−1
cloud toward Tr 15. One O-star and several B-stars are located at (l, b) = (287.◦44, −0.◦4), where
there is both an intensity valley in the −14 km s−1 cloud and the edge of the −20 km s−1 cloud.
For Figures 4(b2) and (c2), the ratios R122−1/1−0 are high (∼ 0.8) both the −20 km s
−1 cloud and the
−14 km s−1 cloud near Tr 15, indicating that the two are interacting with the HII region of Tr 15.
The −8 km s−1 cloud is also detected in this region, but it is probably not interacting with the HII
region because of its low R122−1/1−0 (∼ 0.4). Figures 7(b) and (c) show the v–b diagram of the
12CO
(J=1–0) emissions and R122−1/1−0, respectively, toward Tr 15. We found that the v–b diagram shows
a V-shaped structure. This characteristic in the position–velocity diagram resembles those in the
numerical simulation of a CCC by Takahira et al. (2014) and Haworth et al. (2015). In this simulation,
two molecular clouds of different sizes (one twice as large as the other) collide at a relative velocity
of 5 km s−1 (see Table 3 in Fukui et al. (2018)). Figure 7 shows the position–velocity (p− v) diagram
of an artificial observation of this simulation at the viewing angle of 45◦. Owing to this viewing
angle, the p− v diagram shows an asymmetric feature. Similarly to the western side of Tr 14, a CCC
between the two clouds may have taken place, triggering massive-star formation in Tr 15.
4.1.3 Tr 16
In Figures 1(a) and (b), the Southern Cloud is clearly interacting with the HII regions formed by the
massive stars in Tr 16. The Southern Cloud has a velocity gradient of ∼ 5 km s−1 over the whole area
[Figure 3(a)]. The HII region is already extended by a few tens of parsecs, and weak emissions are
detected from the -20 km s−1 and the −14 km s−1 cloud at the center of Tr 16. In order to investigate
the molecular clouds associated with Tr-16, it will be necessary to observe them with both deep
sensitivity and high spatial resolution.
4.1.4 HD 92740
HD 92740 is an isolated WR-star located west of Tr 14. Figure 8(a) shows the 12CO (J=1–0)
integrated-intensity of the −20 km s−1 cloud and the −14 km s−1 cloud toward HD 92740. We found
that the two clouds exhibit a complementary distributions also in this region. HD 92740 is located at
the interface between them. Figures 8(b) and (c) show the l− v diagram of the 12CO (J=1–0) emis-
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Fig. 5: Velocity channel maps of the integrated-intensity ratio (12CO (J=2–1)/12CO (J=1–0)) toward
Tr 14. The top-left panel and the black contours in the other panels show the Spitzer 8µm emis-
sions. The 8µm contours are plotted at every 100M Jy str−1 from 300M Jy str−1. The CO integration
range for each panel is given in the top-left corner of the panel. The CO contours are plotted every
6Kkm s−1 from 6K km s−1. The symbols are the same as in Figure 2.
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Fig. 6: (a) The red image and blue contours show the integrated-intensity of the 12CO (J=1–0) emis-
sions toward the center of Tr 14. The integrated velocity ranges are shown by the red and blue shading
in (b). The contours are plotted at 8, 16, 32, 64, 96, 128, and 160K km s−1. The symbols are the same
as in Figure 2. (b) Galactic longitude–Velocity (l− v) diagram of the 12CO (J=1–0) emissions inte-
grated over the range A shown by the dashed lines in (a). The contours are plotted every 0.2Kdegree
from 0.2K degree. (c) Galactic longitude–Velocity (l− v) diagram of the intensity ratio 12CO (J=2–
1)/12CO (J=1–0). (d–f) The same as (a–c), but toward the western side of Tr 14.
14
Tr15
(c)
(b)
(a) red: -17 - -11 km/s
blue: -23 - -17 km/s ?: WR-stars
×: O-stars
□: B-stars
Fig. 7: (a–c) The same as Figure 6, but toward Tr 15.
15
(d)
Fig. 7: Continued. (d) A position–velocity diagram of the simulation by Takahira et al. (2014) and
Haworth et al. (2015), and used in Fukui et al. (2018). The epoch is 1.6Myr after the onset of
the collision and the viewing angle is 45◦, respectively (see Figure 4 in Fukui et al. (2018)). The
integration range is from −2.5 to +2.5 pc along an axis perpendicular to the collision axis.
sions and the l− v diagram of R122−1/1−0, respectively, toward HD 92740. In the l− v diagrams, the
two clouds are separated into discrete clouds, rather than appearing to be one molecular cloud with
a velocity gradient. Similarly to the western side of Tr 14 and Tr 15, a CCC between the two clouds
probably took place and triggered the formation of HD 92740.
4.2 Cloud–cloud collision scenario in the CNC
As discussed above, we found the signatures of a CCC in three regions: the western side of Tr 14,
near Tr 15, and near HD 92740. The radial velocities of the pair of colliding clouds in Tr 15 and
HD 92740, the −20 km s−1 cloud and the −14 km s−1 cloud, are the same, and their p–v diagrams
are similar to each other. Figure 9(a) shows the 12CO (J=1–0) integrated-intensity distributions of the
−20 km s−1 cloud (contours) and the −14 km s−1 cloud (image). The two clouds show complemen-
tary distributions through the entire region of the Northern Cloud, implying that they are colliding
over a 10-pc scale. If so, the −14 km s−1 cloud may have a cavity of the same size and shape as the
−20 km s−1 clouds. This cavity would have been formed at the onset of the collision.
To search for such a cavity, we first quantify the complementarity between the two molec-
ular clouds. We adopted Spearman’s rank correlation coefficient between the integrated-intensity
distributions of the two clouds as the index of complementarity. If the two show a complementary
distribution, the correlation coefficient between them is negative; that is, the lower correlation co-
efficient (anti-correlation) indicates that the complementarity is high. To calculate the coefficients,
16
HD92740
(c)
(b)
(a) red: -17 - -11 km/s
blue: -23 - -17 km/s
?: WR-stars
×: O-stars
□: B-stars
Fig. 8: (a–c) The same as Figure 6, but toward HD 92740. The contours in (b) and (c) are plotted
every 0.3K degree from 0.3K degree. The vertical dashed line in (b) and (c) indicates the position of
HD 92740.
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we determined the area of the −20 km s−1 cloud [the contours in Figure 9(a)] as shown by the black
rectangle in Figure 9(a). We then define area of the same size for the −14 km s−1 cloud [the image
in Figure 9(a)] as a function of the X-axis (Galactic longitude) displacement and Y-axis (Galactic
latitude) displacement, and we calculated the coefficients between the two intensity distributions. In
the calculating the correlation coefficients, we removed those pixels with values of <10σ for both
clouds. Figure 10 shows the calculated correlation coefficients for each direction of displacement
(see Appendix A). The black square at (0, 0) indicates the original position (without displacements)
of the two integrated-intensity distributions shown in Figure 9(a). We found that the two distribu-
tions shows a minimum correlation coefficient (∼−0.75) for a displacement of (X-axis displacement,
Y-axis displacement)=(−3.0 pc, 5.3 pc) ≈ 6 pc, indicated by the arrows in Figure 9(b). Figure 9(b)
shows the integrated-intensity distributions of the −14 km s−1 cloud and the −20 km s−1 cloud dis-
placed by this value. This may be the most complementary distribution of the two clouds, indicating
that the collision between them started at this relative position where Tr 15 is located. Accordingly,
the massive stars in Tr 15 may have formed early in the collision.
Next, we estimate the timescale of the collision by using the position of the cavity calculated
above. The calculated displacement of 6 pc corresponds the cavity length on the plane of the sky
. Because we cannot measure the velocity difference between the two clouds along the cavity, we
tentatively assume that it is the same as the velocity separation along the line-of-sight, 6 km s−1. Thus,
we estimate the timescale of the collision to be roughly 6 [pc]/(6 [kms−1]) =∼ 1 × 106 [yr]. This
estimated collision timescale is consistent with the ages of the clusters (2–3Myr for Tr 14 (Preibisch
et al. 2011) and 6 ± 3Myr for Tr 15 (Feinstein et al. 1980; Morrell et al. 1988; Smith 2006b)) within
a factor of 2–3, although both of these estimates are rough.
In Section 4.1.1, we found evidence for a CCC between the molecular clouds with the veloc-
ities of ∼ -27 km s−1 and ∼ -23 km s−1 in the western side of Tr 14. The two clouds are now in a
complementary distribution and the number of identified massive stars is small, so probably only a
small time has passed since the collision started. On the other hand, in the center of Tr 14, the p–v
diagram of the clouds [Figure 6(b)] can be interpreted as a CCC between the −20 km s−1 cloud and
the −14 km s−1 cloud as indicated by the green V-shape as for Tr 15. Therefore, the massive stars
triggered by these two CCCs may have overlapped along the line of sight or have been mixed into
Tr 14. Clarifying this situation will require more detailed observations with higher angular resolu-
tion. Figure 11 shows a sketch diagram of this collision scenario between the −20 km s−1 cloud and
the −14 km s−1 cloud in the Northern Cloud.
In the region near HD 92740, only the one WR-star, HD 92740, formed. It is probable that
the lack of massive stars in this region may be due to the lower mass of one of the colliding clouds
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[Figure 8(a)]. Only a fewmolecular clouds have been associated with the region around Tr 16, perhaps
because of strong feedback from the massive stars including η-Carinae. It is uncertain whether the
formation of the massive stars in Tr 16 is related to the CCC we have suggested.
image: the -14 km s-1 cloud
contours: the -20 km s-1 cloud
Tr16
Tr14
HD92740
?: WR-stars
×: O-stars
□: B-stars
(a) (b)
Tr16
Tr14
HD92740
6 pc
Fig. 9: (a) The color image and blue contours show the integrated-intensity of the 12CO (J=1–0)
emissions toward the CNC integrated over −13.8 to −13.3 km s−1 and −20.9 to −20.4 km s−1, re-
spectively. The contours are plotted every 2.2K kms−1 (5σ) from 2.2K km s−1. The symbols are the
same as in Figure 2. (b) The same as (a), but with the blue contours (the −20 km s−1 cloud) displaced
along the black arrows.
5 Summary
The main conclusions of the present study are summarized as follows:
1. We presented analyses of the velocity structures of the molecular clouds in the CNC by using
the 12CO and 13CO (J=1–0) archival datasets obtained with the Mopra telescope and the 12CO
(J=2–1) dataset obtained with NANTEN2.
2. We found that the molecular clouds in the CNC can be separated into four clouds at the velocities
−27, −20, −14, and −8 km s−1. Their masses are 0.7× 104M⊙, 5.0× 10
4M⊙, 1.6× 10
4M⊙,
and 0.7× 104M⊙, respectively. Most of them are likely associated with the clusters because of
the high 12CO (J=2–1)/12CO (J=1–0) intensity ratio and the correspondence with the Spitzer 8µm
distributions.
3. We found the observational signatures of cloud–cloud collisions in near Tr 14, Tr 15, and
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Fig. 10: The distribution of Spearman’s correlation coefficient as a function of displacements in the
X-axis (Galactic longitude) direction and in the Y-axis (Galactic latitude) direction. The contour
levels are -0.74, -0.70, -0.60, -0.50, -0.40, -0.30, and -0.20.
compressed layer
> 1 ??106 years ago(a)
line-of-sight
Galactic Longitude
the -14 km s-1 cloud
the -20 km s-1 cloud
line-of-sight
Galactic Longitude
line-of-sight
Galactic Longitude
complementary 
distribution
Tr 15, the center of Tr 14, 
and the HII regions
~ 1 ??106 years ago(b) the present(c)
The Sun The Sun The Sun
Galactic Latitude
~15 pc Tr 15
cave
Fig. 11: A sketch diagram of the Northern Cloud as viewed from the Galactic north pole. (a) Before
the collision started (> 1 × 106 yr ago). Blue and orange represent the −20 km s−1 cloud and the
-14 km s−1 cloud, respectively. (b) The epoch when the collision has started and a little time has
elapsed (∼ 1 × 106 yr ago). The deep blue region indicates the compressed layer between the two
clouds, where star(s) form. (c) The present. The two clouds show the complementary distributions
for observers in the Solar System.
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HD 92740; namely, a V-shaped structure and a complementary spatial distribution, between the
−20 km s−1 cloud and the −14 km s−1 cloud.
4. We propose a scenario wherein the formation of massive stars in the clusters and the formation of
HD 92740 were triggered by a collision between the two clouds. The timescale of the collision
is estimated to be ∼ 1Myr, which is roughly comparable to the ages of the clusters estimated in
previous studies.
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Appendix 1 Complementarity calculation using Spearman’s rank correlation coefficient
If two distributions are similar, the correlation coefficient r (−1 ≤ r ≤ 1) between them is a large
positive number. Conversely, if two distributions are complementary to each other, the correlation
coefficient between them is low, and perhaps even negative. We applied this idea to search for the
hole (cavity entrance) that the−20 km s−1 cloud created in the−14 km s−1 cloud during the collision.
We used Spearman’s rank correlation coefficient (rS) to reduce the effects of the extremely high
intensity distributions of the molecular clouds. In statistics, rS is a nonparametric measure of rank
correlation. It shows the statistical dependence between the rankings of two variables, namely the
integrated intensities in the present case. For a sample of size n and the integrated intensitiesXi (the
−14 km s−1 cloud) and Yi (the −20 km s
−1 cloud), rS is computed as
rS =
cov(rgX, rgY )
σrgXσrgX
(A1)
where rgXi and rgYi are the ranks ofXi and Yi, respectively. The quantities σ and cov are the standard
deviation and covariance of the ranked variables, respectively. The correlation coefficient rS can be
computed using the following formula if all n ranks are distinct integers.
rS = 1−
6Σ(rgXi− rgYi)
2
n(n2− 1)
. (A2)
We first defined the area of the −20 km s−1 cloud as shown by the black rectangle in
Figure 12(a). Next, we calculated rS between the integrated intensities of the −14 km s
−1 cloud (the
image) and the−20 km s−1 cloud (the blue contours) pixel-to-pixel within the given area. Figure 13(a)
shows scatter plots of the integrated intensities of the two clouds. The left panel and the right panel
show the raw integrated intensities and the rankings, respectively. In this calculation, we removed
pixels for which the values are both < 10σ. As a result, we calculate rS −0.67 at the original position
A.
Similarly, we calculate rS for each displacement (X-axis displacement, Y-axis displacement)
by a unit of one pixel. In the present study, one pixel corresponds to 0.33 pc. Figure 14 shows a
map of the calculated values of rS. The minimum occurs at the displacement (X-axis displacement,
Y-axis displacement)=(−3.0 pc, 5.3 pc) (position B in Figure 14). There the two clouds show the
most complementary distribution [Figure 12(b)]. In contrast, at the local maximum the displacement
is (X-axis displacement, Y-axis displacement)=(−7.7 pc, −0.3 pc) (position C in Figure 14), the two
clouds show similar distributions [Figure 12(c)].
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(a) Position A (0 pc, 0 pc)
(b) Position B (-3.0 pc, 5.3 pc)
(c) Position C (-7.7 pc, -0.3 pc)
image: the -14 km s-1 cloud
contours: the -20 km s-1 cloud
?: WR-stars
×: O-stars
□: B-stars
Tr16
Tr14
HD92740
Fig. 12: Same as Figure 9(a). (a) The blue contours (−20 km s−1 cloud) are displaced by (X-axis
displacement, Y-axis displacement)=(0 pc, 0 pc). (b) The blue contours are displaced by (-3.0 pc,
5.3 pc). (c) The blue contours are displaced by (-7.7 pc, -0.3 pc).
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Fig. 13: Scatter plot of the integrated intensities of the−14 km s−1 cloud (X-axis) and the−20 km s−1
cloud (Y-axis). The left panels and the right panels show the raw integrated intensities and the rank-
ings, respectively.
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BC A
Fig. 14: The distribution of Spearman’s correlation coefficient rS as a function of displacements
along the X-axis (Galactic longitude) direction and along the Y-axis (Galactic latitude) direction. The
contour levels are -0.74, -0.70, -0.60, -0.50, -0.40, -0.30, and -0.20. The white crosses labelled A, B,
and C correspond to the displacements shown in Figure 12.
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